Accumulating evidence has shown that both DNA damage caused by the metabolites of polycyclic aromatic hydrocarbons (PAH) and genetic polymorphisms in PAH-metabolic genes contribute to individual susceptibility to PAH-induced carcinogenesis. However, the functional relevance of genetic polymorphisms in PAH-metabolic genes in exposed individuals is still unclear. In this study of 240 coke-oven workers (the exposed group) and 123 non -coke-oven workers (the control group), we genotyped for polymorphisms in the AhR, CYP1A1, GSTM1, and GSTT1 genes by PCR methods, and determined the levels of DNA damage in peripheral blood lymphocytes using the alkaline comet assay. We found that the ln-transformed Olive tail moment (Olive TM) values in the exposed group were significantly higher than those in the control group (P < 0.001). Furthermore, in the exposed group, the Olive TM values in subjects with the AhR Lys 554 variant genotype were higher than those with the AhR Arg 554 /Arg 554 genotype (P = 0.021). Similarly, the Olive TM values in the non -coke-oven workers with the CYP1A1 MspI CC + CT genotype were lower than the values of those with the CYP1A1 MspI TT genotype (P = 0.005). However, these differences were not evident for GSTM1 and GSTT1. These results suggested that the polymorphism of AhR might modulate the effects of PAHs in the exposed group; however, the underlying molecular mechanisms by which this polymorphism may have affected the levels of PAH-induced DNA damage warrant further investigation. (Cancer Epidemiol Biomarkers Prev 2006;15(9):1703 -7)
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a well-established group of chemical carcinogens (1) . PAHs are formed and released during the coking process, resulting in the direct exposure of coke-oven workers to PAHs by inhalation and dermal contact (2) . Epidemiologic studies indicate that the risks of some cancers are higher in workers exposed to the coking process compared with those who were not (3, 4) .
The toxicity of PAHs, such as benzo(a )pyrene and benzo(a)anthracene, is mediated by aryl hydrocarbon receptors (AhR), which are ligand-activated transcriptional factors that play an important role in benzo(a)pyrene-induced carcinogenesis (5) . After binding with benzo(a)pyrene, AhR translocates into the nucleus to interact with xenobiotic responsive elements, resulting in the up-regulation of phase I and II enzymes, such as cytochrome P450 and glutathione S-transferases, which are also involved in the metabolism of PAHs. It is thought that it is DNA damage, caused by reactive oxygen species formed during the metabolism of PAHs, that plays a role in PAH-induced carcinogenesis (6) (7) (8) . Furthermore, the DNA damage caused by PAHs in coke-oven workers could be detected in their peripheral primary lymphocytes using the alkaline comet assay (9, 10) , whereas PAH-induced carcinogenesis could be modulated by genetic variation (11, 12) .
One of the polymorphisms in human AhR, G1661A (Arg 554 Lys; rs2066853), was first discovered by Kawajiri et al. (13) , and has been the most commonly studied polymorphism in the AhR gene ever since. However, no study has investigated the effect(s) of AhR polymorphisms on the levels of DNA damage among coke-oven workers.
Cytochrome P450 1A1 (CYP1A1), a member of the phase I enzymes, is involved in the metabolic activation of PAHs, and a MspI RFLP in this gene was reported to be associated with the risk of lung cancer (11, 14) . In coke-oven workers, the effect of this polymorphism on PAH-induced DNA damage was unclear because this polymorphism was also reported to be associated with a significant increase of urinary 1-hydroxypyrene concentrations (15), but not with increased tail extent moment in lymphocytes (16) .
Glutathione S-transferases are members of the phase II enzymes, a multigene family. The glutathione S-transferase family includes five subgroups (i.e., a, k, A, H , and~), and GSTM1 or GSTT1 alleles are lost in a subset of the general population (17) . Previous studies indicated that individuals null for GSTM1 or GSTT1 genes seemed to be susceptible to some cancers, especially lung and bladder cancers (18) (19) (20) . However, the results thus far are inconsistent for the effects of glutathione S-transferase polymorphisms on exposure biomarkers in coke-oven workers. For instance, the GSTM1 null genotype was found to be associated with increased levels of benzo(a)pyrene diol epoxide -DNA adducts among the coke-oven workers (21, 22) , but this association was not confirmed by other studies (23) (24) (25) .
We have previously reported that the levels of DNA damage in coke-oven workers were higher than in those who had no history of PAH exposure (26) , but the establishment of the role of genetic polymorphisms of the PAH-metabolic genes in the levels of DNA damage in exposed workers may provide the rationale for occupational surveillance for the individuals susceptible to PAH-induced carcinogenesis. Therefore, we are interested in whether or not these genetic polymorphisms could modulate the levels of PAH-induced DNA damage in these coke-oven workers. In the present study, we investigated the association of some select genetic polymorphisms of AhR, CYP1A1, GSTT1, and GSTM1 genes with the levels of DNA damage in coke-oven workers.
Materials and Methods
Study Subjects. This study included 240 coke-oven workers and 123 non -coke-oven workers, who were all males, and worked in the same steel company in northern China. These 240 coke-oven workers were in active service at the time of the study, were employed for at least 6 months, and were recruited as the exposed group. These coke-oven workers worked on different work sites: top-oven, side-oven, and bottom-oven. The 123 non -coke-oven workers were staff members of the offices and hospitals of the same steel company, and served as the control group. The workers exposed to known mutagenic agents, such as radiotherapy and chemotherapy in the last 3 months, were excluded. After having obtained informed consent from each subject, we administered a standardized occupational questionnaire for each participant to collect information on demographic information, smoking and alcohol habits, occupational exposure, and medical and personal histories. In the morning, fasting venous blood was collected in 5 mL heparinized tubes from each subject and then coded for further processing for DNA extraction and DNA damage detection. The research protocol was approved by the Ethics and Human Subject Committee of Tongji Medical College.
Airborne PAH Monitoring. Airborne PAHs in the working environments of coke-oven workers and non -coke-oven workers were sampled thrice at different work sites. Using an average flow rate of 2.0 L/min for 2 to 5 hours (240-600 L/sample), eight carcinogenic PAHs [benzo(a )pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k) fluoranthene, dibenzo(a,h)anthracene, benzo(g,h,i)perylene, and indeno(1,2,3-cd)pyrene] were determined according to method 5506 published by the National Institute for Occupational Safety and Health (27) . The PAHs were quantified by high-performance liquid chromatography with fluorescence detectors (Waters Corp., Milford, MA).
Genotyping for AhR, GSTT1, GSTM1, and CYP1A1. Genomic DNA was isolated from 1 mL of whole blood from subjects using a Puregene kit (Gentra Corp., Minneapolis, MN) and stored at 4jC. The genotypes of GSTT1 and GSTM1 were determined by a multiplex PCR as previously described (28, 29) . Briefly, the absence of a GSTM1-specific 230-bp or GSTT1-specific 480-bp product indicated the GSTM1-null or the GSTM1-null genotype when the positive control of h-actinspecific 157-bp product was present detected simultaneously in one reaction. The MspI polymorphism in the CYP1A1 gene was identified by PCR-RFLP (15) . The uncut PCR product of 340 bp was the T allele, and the C allele was cut, showing two smaller products of 200 and 140 bp. Analysis of the G1661A (Arg 554 Lys) polymorphism of the AhR gene was conducted according to the published protocol (30) . Briefly, the AhR allele -specific primers were used to produce a 333 bp product. Amplification of a 493-bp product of the b-actin gene was used as an internal control. For quality control, 10% of DNA samples were genotyped again and the concordance of two sets of genotyping data was 100%.
Comet Assay. Lymphocytes were isolated from 1 mL of heparinized whole blood from the subjects and suspended in 1,000 AL ice-cold PBS (pH 7.4). The Comet assay was done according to the published protocol with a minor modification (31) . Briefly, 100 AL of low-melting agarose [1% (v/v) in PBS (pH 7.4)] at 37jC mixed with 10 AL of PBS containing lymphocytes was transferred onto a precoated [0.5% (v/v) normal melting agarose in PBS (pH 7.4)] slide. Electrophoresis was conducted for 20 minutes at 25 V. DNA damage was measured using an image analysis system (version 1.0, IMI Comet Analysis Software, China; ref. 32) . Fifty cells were analyzed per slide, and the Olive tail moment (Olive TM) value was used as a measurement of DNA damage level as recommended (31, 32) .
Statistical Analyses. All data analyses were carried out using the statistical analysis software SPSS 12.0 package. Olive TM values were normalized by natural logarithm (ln) transformation. The frequencies of categorical variables, such as smoking and drinking status between groups were compared by m 2 tests. Student's t tests were used to compare the ln-transformed Olive TM values followed by stratification according to smoking, alcohol use, and other groups. The Mann-Whitney U test was used to compare airborne PAHs and pack-years of cigarette-smoking between the two groups. The associations between the AhR, CYP1A1, GSTT1, and GSTM1 genotypes and the ln-transformed Olive TM values were tested by analysis of covariance, followed by a Bonferroni correction for multiple comparisons with adjustment for age, work site, and pack-years of cigarette smoking.
Results
General Characteristics and Olive TM. As shown in Table 1 , no significant difference was found in the distributions of age, smoking status, and drinking status between the coke-oven workers and the non -coke-oven workers. However, the median pack-years of cigarette smoking in the coke-oven workers (13.4) were significantly higher than that of the noncoke-oven workers (8.7; P = 0.006). The Olive TM values in the coke-oven workers were significantly higher compared with the non -coke-oven workers (1.23 F 1.12 versus 0.58 F 0.92; P < 0.001). The median sum of eight carcinogenic PAHs was higher in the exposed group (0.852 Ag/m 3 ) than in the control group (0.306 Ag/m 3 ; P < 0.001). The median sums of eight carcinogenic PAHs at different work sites varied within the exposed group, but the differences were not statistically significant (data not shown).
To evaluate the effects of smoking and drinking on DNA damage, the data on levels of DNA damage was further stratified by smoking and drinking status. The results suggested that no significant associations were found between the Olive TM values and the smoking and drinking status within both the exposed and control groups ( Table 2 ), suggesting that the observed difference in the levels of DNA damage between the exposed and control groups was likely due to exposure to PAHs rather than smoking and drinking status in these coke-oven workers.
Olive TM and Genotypes. In all subjects, the AhR G1661A genotype and CYP1A1 MspI genotype distributions were in Hardy-Weinberg equilibrium (data not shown), but this could not be assessed for the GSTT1 and GSTTM1 genotypes. However, the distributions of AhR, CYP1A1, GSTT1, and GSTTM1 genotypes were not statistically different between the two groups (data not shown).
The analyses for associations between AhR, CYP1A1, GSTT1, and GSTM1 genotypes and the Olive TM values are summarized in Table 3 and Fig. 1 . In the exposed group, the Olive TM values in subjects with AhR Lys 554 variant genotype (1.37 F 1.10) were significantly higher than that of those with the AhR Arg 554 /Arg 554 genotype (1.02 F 1.12, P = 0.021) after adjustment for age, work site, and pack-years of cigarette smoking. In the control group, the Olive TM values in subjects with the CYP1A1 MspI CC + CT genotype (0.32 F 0.96) were lower than those with CYP1A1 MspI TT genotype (0.90 F 0.98; P = 0.005). No associations between the AhR, GSTT1, and GSTM1 genotypes and the Olive TM values were found in the control group, nor was an association between the CYP1A1 genotypes and the Olive TM values found in the exposed group.
Discussion
In this study, we found that the Olive TM values among the coke-oven workers were significantly higher than that among the non -coke-oven workers. Although the pack-years of cigarette smoking were significantly higher in the exposed group than in the control group, our results clearly showed that the difference in the DNA damage levels between the two groups was due to exposure to coke-oven emission, independent of smoking effects. This result was in agreement with most of the previously published studies (9, 10, 16) . Although this study provided some new insight into the role of genetic polymorphisms in select PAH-metabolic genes in the formation of PAH-induced DNA damage in the coke-oven workers, the results are limited due to the relatively small sample size and the lack of data on other sources of PAHs, such as diet and passive smoking.
It is intriguing that the AhR Lys 554 variant allele was associated with increased Olive TM values only in the exposed group. Although the potential mechanism for such an effect on DNA damage in coke-oven workers remains unclear, it is likely that the exposure level in the exposed group might have been greater than the threshold of the capacity of the variant enzyme, whereas the exposure level in the control group might not, but this hypothesis needs to be further tested in future studies. This polymorphism is located in exon 10 of the AhR gene, which encompasses most of the transactivation domain (33) . Hence, this polymorphism might be associated with the up-regulation of the expression of downstream genes, such as the CYP1A1 gene. For example, among nonsmoking subjects, this AhR polymorphism was associated with increased ethoxyresorufin-O-deethylase activity in peripheral blood lymphocytes in vitro exposed to 3-methylcholanthrene (34) . In a Caucasian population, induced CYP1A1 activity was found to be higher in subjects with the AhR Lys 554 variant genotype than those with AhR Arg 554 /Arg 554 genotype (35) . Furthermore, this polymorphism was also found to be associated with significantly increased CYP1A1 activity in healthy young women smokers (33) , and adversely associated with the survival of individuals with soft tissue sarcoma (36) . However, there are also some conflicting results about the phenotypic effects of this polymorphism. For example, Wong et al. found that the Lys 554 allele was as efficient as the Arg 554 allele in stimulating CYP1A1 mRNA expression in their in vitro expression system (37) . Our findings suggest that this polymorphism might be functional and responsive when individuals were exposed to higher levels of PAHs because no association was found between this polymorphism and DNA damage in the non -coke-oven workers.
Although it is well known that GSTM1 can detoxify reactive metabolites of benzo(a)pyrene and other PAHs (38) , and that the homozygous deletion of GSTM1 leads to the loss of GSTM1 functions (17) , several studies have shown that the coke-oven workers without the GSTM1 allele did not have a higher risk of having high benzo(a)pyrene diol epoxide -DNA adduct levels compared with individuals with the GSTM1 non -null genotype (23) (24) (25) . In the present study, it was found that this GSTM1 polymorphism was not associated with the levels of DNA damage in the coke-oven workers. Meanwhile, the absence of an association between the GSTT1 variant genotype and the Olive TM values was also consistent with reports from many other studies (24, 39, 40) . Therefore, it is likely that the polymorphisms of GSTM1 and GSTT1 have no effect at all on DNA damage levels, at least in peripheral blood lymphocytes, among subjects exposed to PAHs.
Another possibility is that our study lacked the power to reveal the effect of GSTM1 and GSTT1 polymorphisms on DNA damage in the exposed group, or that these enzymes have a tissue specificity for the target organs in which carcinogenesis may occur.
An unexpected finding in our study was that the Olive TM values in subjects with the CYP1A1 MspI CC + CT genotype were lower than those with the CYP1A1 MspI TT genotype in the non -coke-oven workers. This result was not in agreement with previous studies in which the CYP1A1 MspI CC + CT genotype was associated with high levels of urinary 1-hydroxypyrene among smokers with no occupational exposure to PAHs (after adjusting for age, ethnicity, and number of cigarettes per day; ref. 41) in the coke-oven workers (15) . CYP1A1 is well known as a member of the phase I enzymes that are involved not only in the metabolic activation of PAHs, but also in the metabolism of other xenobiotics. The CYP1A1 MspI polymorphism is thought to be associated with the high inducibility of the gene in response to exposure to its substrates. Therefore, it is possible that the non -coke-oven workers might have been exposed to other kinds of substances that might need CYP1A1 to metabolize, but this hypothesis needs to be further tested in future studies.
In summary, this is the first report to show that polymorphism in AhR is associated with the levels of DNA damage in peripheral blood lymphocytes among the cokeoven workers, suggesting that this polymorphism may modulate the effects of PAH exposure in occupational settings. However, the underlying mechanisms of this observed effect modification, and their related consequences, remain to be further investigated before this finding can be applied to monitoring individuals susceptible to the PAH-induced carcinogenesis. Figure 1 . Relationship of ln-transformed Olive TM values to AhR, CYP1A1, GSTT1, and GSTM1 genotypes in the exposed and control groups. In this box-plot, the top and bottom of the boxes indicate the 25th and 75th percentiles and the line in the box represents the median. Bars, 90% limits; j, outliers >1.5 box length from the 75th percentile. *, P < 0.05 compared with subjects with the AhR Arg 554 / Arg 554 genotype in the exposed group; # , ## , P < 0.05 and P < 0.01, respectively, compared with subjects with the CYP1A1 MspI TT genotype in the control group.
